In order to improve the dynamic performance and endurance mileage of vehicle, operation mode and parameter matching were analyzed and designed on a novel power transmission scheme of range-extended electric vehicle (R-EEV), and the following control strategy of the engine optimization curve was proposed. The simulation was carried out on the Matlab/Simulink software platform and the results show that the matching parameters and the control strategy of engine are both reasonable, the dynamic performance is improved and the vehicle can be operated efficiently.
INTRODUCTION
As energy crisis and environmental issues such as pollution and global warming become increasingly worse, new energy resources for automotive industry will be required. As a kind of configuration between the pure electric vehicle and conventional hybrid electric vehicle, R-EEV [1] equipped with auxiliary power unit (APU) on the basis of the pure electric vehicle can guarantee the vehicle driving range and battery durability, so that the level of the electric energy alternatives to fossil fuels can be increased.
At present, the research and development institutions have focused their work on integrated development of range extender, the design of the matching parameters, vehicle operation mode and the research of control strategy. QU Xiaodong, etc [2] proposed a control strategy of auxiliary power unit (APU), which consists of a gasoline engine and a PMSM, and the test results show that the control strategy proposed can meet the performance requirements of rangeextended EV very well. Zhou Su, etc. [3] proposed a fixedpoint energy management strategy of the engine and matched the parameters for the core components of the powertrain in a series E-REV, and the co-simulation based on AVL-Cruise/Simulink was carried out to verify the reasonableness of the matching Parameters. Hao YU, etc. [4] proposed a double-point energy management control strategy of the engine and analyzed the simulation of matching parameters with AVL-Cruise software for the E-REV. The operation mode of the E-REV was divided into four operation mode: pure electric operation, the engine's economic area operation, the engine's high load operation and the recovery of braking energy. Considering the power distribution in urban cycle and high-speed road, Scott engine plug-in electric vehicle with Advisor software, which verified the advantages of Wankel engine in plug-in electric vehicle. Gregory L. Plett, etc. [6] studied the application of boron phosphate batteries on E-REV and conducted a research on a control strategy of the battery energy management. In addition, Matthew Doude, YiminGao, etc. [7] [8] [9] studied the matching methods of the E-REV, and conducted a testing Simulink by the tool of hardware-in-theloop (HIL) such as DSPACE.
At present, the series extended range mode is mostly used in the powertrain of the R-EEV at home and abroad, of which the energy utilization is very low for the energy conversion of engine power to electric energy and electric energy to motor power. Moreover, compared with four wheel drive, most of R-EEV is two wheel drive, of which the ground adhesion utilization is so low that the vehicle cannot adapt to some special road condition well and realize the recovery of all-wheel braking energy. Based on the analysis above, a research on a new powertrain of R-EEV is conducted in this study to improve the dynamic performance of vehicle and enhance the adaptability of vehicle to different road condition.
STRUCTURE AND OPERATION MODE ANALYSIS OF R-EEV
The structure of R-EEV proposed mainly consists of APU (including engine and integrated starter generator (ISG) which is permanent magnet synchronous motor), power driving system (including power battery and driving motor) and transmission system (including wet multi-disc clutch, gearbox, final drive and differential), which are shown in Fig. (1) . The main pure electric drive type of the R-EEV is that the driving motor drives the rear axle. The engine drives the ISG motor to transfer the power to battery pack, and the engine can also drive the front axle directly. The R-EEV can work in different modes based on different states.
Charge Depleting Mode (CD Mode)
When the state of charge (SOC) is high (SOC>SOC low ), the vehicle travels in EV mode. The engine is turned off when the vehicle runs in CD mode, which can realize zeroemissions of vehicle. The power flow is shown in Fig. (2) . Moreover, when the driving wheel tends to slip on the road of small adhesion coefficient or the demand torque is larger for vehicle needs to start under a large slope, the ISG operates to drive the front axle, while the driving motor goes on driving the rear axle, and the power of both are coupled by the road to realize four-wheel drive (4 WD), so the adhesive force is made full use and the dynamic performance of vehicle is enhanced. The power flow is shown in Fig. (3) . 
Charge Sustaining Mode (CS Mode)
When the SOC is lower than a limit value (SOC ≤ SOC low ), the vehicle will run in the range-extended mode, of which the principle is that each dynamic source works in a high efficiency area and the energy loss owing to the multilevel conversion of energy should be reduced as far as possible. The range-extended mode includes series rangeextended mode, engine drive mode and Co-driving mode.
Series Range-Extended Mode
When the velocity is very low, the highest velocity is less than 50 km/h in the urban driving cycle referring to the ECE cycle, and there are more acceleration and deceleration. At this moment, the demand power is small, and the engine cannot be guaranteed to operate in a high efficiency area when it drives the wheel directly, so the vehicle can be switched to the series drive mode. The power flow is shown in Fig. (4) . The engine drives the ISG motor in optimal working site to generate electricity that is directly supplied to the driving motor, which drives the rear axle in the mode, while the extra electricity is stored in the battery pack. 
Engine Drive Mode
The engine drive mode is used when the vehicle runs at a high cruising speed (the velocity is between 50 and 120 km/h referring to the ECE cycle), of which the power flow is shown in Fig. (5) . The engine power is directly transferred to the front axle, and the engine will operate in a high efficiency area by changing the ISG motor's working state. The power used to drive the vehicle is mainly supplied by the engine, of which the extra energy is stored in the battery, and the inadequate power can be supplied by the battery to the ISG motor for meeting the power demand under the acceleration condition of vehicle. 
Co-Driving Mode
The torque demand of vehicle cannot be met by the engine separately when the overtaking needs to be conducted quickly at a high velocity, while the driving motor can be controlled to drive the rear wheel, and the motor torque is coupled with engine torque by the road. The power flow is shown in Fig. (6) . 
Regenerative Brake Mode
When the vehicle is braking, if the vehicle is operated in EV mode, the ISG and the driving motor are controlled to realize the energy recycle by double shaft braking, if the engine works, the wet multiple disc clutch is disengaged and then the same work as EV mode is done. The power flow is shown in Fig. (7) . 
PARAMETER MATCHING OF POWERTRAIN
In this study, a traditional vehicle is selected as the prototype and it is refitted. The basic parameters and performance indexes are shown in Tables 1 and 2.
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Determination of Driving Motor Characteristic Parameters
The corresponding maximum demand power is determined by the performance indexes such as the maximum speed, the maximum grade ability and the acceleration time. Table 2 . Performance Indexes of R-EEV.
Maximum Speed vmax (km/h) Maximum≥160
Cruise 80-120
Maximum grade ability imax (%) ≥30
0-50 km/h acceleration time t0 (s) ≤6
0-100 km/h acceleration time t (s) ≤13
Mileage of EV mode d1/km ≥80
The explanation of variables related are shown in the appendix I, and the following are the same. Considering that EV mode is the main operation mode of R-EEV in the paper, the driving motor should meet the required performance indexes. According to the equations above, the peak power of driving motor is finally determined as 75 kW.
The rated power should not be less than the power that is required when vehicle travels at maximum cruise speed in China (120 km/h), so it is calculated by equation (5): (5) The overload coefficient of motor is defined as the ratio of motor peak power and rated power, which is expressed as and valued as 2~3 generally. Referring to the specification of motor power (GB/T18488.1) combined with (5), the rated power of driving motor is determined as 30 kW.
In conclusion, a driving motor of the Dongfang Electric Company is selected, and its main parameters are shown in Table 3 . Maximum speed (rpm) 12000
Rated speed (rpm) 3600
Determination of Final Drive Speed Ratio
As it is mentioned in paper [10] , when the range of speed regulating above the rated speed is large enough ( ), the ratio of gearbox can be determined as constant. Considering that the speed of vehicle is less than 60 km/h when it runs in urban driving cycle, the high efficient area of driving motor is near the rated speed, and 90 percent of the maximum speed of driving motor should meet the requirement of the maximum vehicle speed. So the ratio of final drive can be calculated by equation (6):
The final drive speed ratio of the rear axle is determined as 7.6.
Parameters Matching of Power Battery
As it is mentioned above, the requirement of R-EEV for the electric power system is high. As the main energy source, power battery should not only satisfy the dynamic performance of the R-EEV but also can recycle the braking feedback energy, besides, it reaches the design requirements of the endurance mileage of EV mode. According to the recommended value of the EV driving motor rated voltage (288~440 V), and referring to the power source voltage specification of the GB/T18488.1, the voltage of power battery is finally determined as 384 V.
Power Demand
The maximum discharging power of power battery should guarantee the dynamic performance of the R-EEV.
The corresponding capacity of battery is:
Energy Demand
The energy of power battery should ensure a certain mileage of EV mode. When the vehicle is operated at a constant speed of , the driving mileage should reach to . So the energy of power battery should meet the following equation. (9) The corresponding capacity of battery is:
The capacity-maximum discharge rate curve (Fig. 8) is obtained based on the equations above and relevant data.
Fig. (8).
Relationship between capacity and maximum discharge rate for power battery.
The capacity of the power battery can be determined by the following rule.
(11) According to the calculation result, the capacity of power battery is finally determined as 40 Ah, the maximum discharge rate is 4.5 h -1 , and the energy of battery pack is 15 kW•h. Table 4 shows the main parameters of lithium-iron power battery selected. 
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Parameter Design for APU
APU system mainly includes engine and ISG motor. According to the performance indexes shown in AppendixI, the cruising speed in the range-extended mode should reach 80 km/h. Therefore, the engine power can be obtained by equation (12) . (12) The engine power calculated by the equation (12) is 18 kw. Considering that vehicle should be equipped with a certain amount of reserve power and owe power consumed to some attachments, the engine power margin is improved by 10%, and the minimum power of the engine should be 20 kw. Referring to the existing engine specs, four-cylinder gasoline engine is selected, of which the displacement is 1 L, the maximum power is 40 kw, and the maximum torque is 81 N.m. The engine universal characteristics are shown in Fig. (9) . According to the engine universal characteristics, the capacity of fuel tank meeting the driving range can be obtained by equation (13).
The fuel tank capacity calculated by equation (13) is 19.3 L. Finally, the fuel tank capacity is identified as 20 L.
The ISG motor is mainly as a generator used to balance the engine power. The continuous generating region of ISG motor should be coincided with the economic region of engine to the greatest extent for reducing the engine emissions and the fuel consumption. A permanent magnet synchronous motor is selected as the ISG motor, of which the rated power is 20 kW/3400 rpm, the maximum generation power is 40 kw, and the maximum speed is 6000 rpm.
Parameter Matching for Powertrain Transmission
In cruise mode, the engine should work in a high efficiency area as far as possible. As it is shown in Fig. (9) , the maximum speed of engine in a high efficiency area is 4600 rpm and the minimum speed is 1500 rpm. The maximum and minimum speed of engine should ensure that the vehicle can stably travel at 120 km/h and 25 km/h respectively. The relationship between velocity and engine speed is the following.
(14)
The maximum and minimum speed ratio of transmission system calculated by equation (14) are 2.6 and 1.05 respectively. In order to ensure that the engine works in a high efficiency and low emission area, besides, it should meet the requirement of the vehicle speed, a two-speed is selected, i g1 =2.6, i g2 =1.05.
ENERGY MANAGEMENT STRATEGY
Energy management strategy is the core of vehicle control and the key to reduce the engine emissions and fuel consumption of hybrid electric vehicles. In order to improve the power performance and energy utilization of vehicle, logic threshold control strategy is adopted to control R-EEV in this study. The main logic threshold parameters used in the paper are showed in Table 5 . According to the operating modes of R-EEV, the control strategies are respectively developed, of which the basic principle is the following: When SOC is high, the vehicle will run in the pure electric drive mode and the driving motor is controlled to work in a high efficiency area. When SOC is low, the vehicle will run in the extended range mode, and a conversion of the energy is avoided as far as possible in the battery to reduce the energy loss. The engine is controlled to run in a high efficiency area when it works.
Control Strategy for CD Mode
The control object is mainly the motor during pure electric drive mode. R-EEV is equipped with two motors, which are ISG motor mainly for generation and driving motor mainly for driving. The control method for two motors is similar. Compared the demand torque determined by upper level control system with the peak torque under the current motor speed, the motor control system determines whether the motor outputs the demand torque or the peak torque, then motor outputs control signals and the target torque . Motor can be used as a generator to recycle part of brake energy during the brake deceleration of the vehicle for its bi-directional characteristics. or (15)
Charge-Sustaining Mode Control Strategy
In this phase, the control strategy of power following the engine optimization curve is used. In order to make sure that the engine can operate in a high efficiency and low emission area, the engine optimal working point O (56 Nm/3400 rpm) and high effective working area (within the brown line area where the engine efficiency is greater than 0.3) based on Engine universal characteristics is determined. Besides, the engine optimal torque curve (the blue dotted line), the Fig. (10) .
Series Range-Extended Mode
If the vehicle speed is too low and the SOC of the battery has not yet reached its target value SOC obj , such as it is operated in F point which is the low efficient working area, and the vehicle will enter the series range-extended mode. In this case, the engine will operate at the optimal point (point O in Fig. 10) , of which the engine fuel efficiency is the highest and the generator's generating power is great. The Engine drives the ISG motor to generate electricity in a larger power, which supplies directly for the driving motor to drive the vehicle, while the rest electricity is stored in the power battery.
Engine Drive Mode
As it is mentioned above, the engine front wheel drive mode will be employed when the vehicle travels at a high speed. In this case, the vehicle travels at a stable state, and the requested torque should satisfy the relationship of T el ≤T r ≤ T emax . The engine outputs the power along different working curves by detecting the value of T r , T el , T eopt, T emax and the relationship of the battery SOC and the minimum threshold SOC min .
As it is shown in Fig. (10) , when the torque requirement point is B, namely T r >T eh , and if SOC>SOC min , then the engine works along the maximum torque curve of the most efficient region, while the insufficient power is compensated by ISG motor, i.e. T e =T eh and T r =T e +T isg ; and if SOC<SOC min , then the engine works along the external characteristic curve, while it drives the ISG motor to Fig. (10) . Optimal curve of engine. generate electricity, and the excrescent energy will be stored in battery, i.e. T e =T emax and T isg =T e -T r . Similarly, when the torque requirement point is C, the engine works along the optimal torque curve of the most efficient region, i.e. T e =T eopt and T r =T eopt +T isg or T e =T eh and T isg =T e -T r ; when the torque requirement point is D or E, the engine works along the optimal torque curve of the most efficient region and drives ISG motor in a larger torque, i.e. T e =T eopt and T isg =T e -T r , and the SOC quickly returns to the target value, then the vehicle works in pure electric mode.
Co-Drive Mode
As it is mentioned above, if the requested torque is larger than the maximum torque that the engine can supply in the engine drive mode, or the requested torque is larger than the torque that the motor can supply in the pure electric drive mode (point A), then the vehicle will enter four wheel drive mode. In this case, the engine power and the motor power are coupled by the ground. Considering that the adjustment of the motor torque is more convenient and the demand torque of the vehicle is larger, the strategy is proposed that the engine works along the external characteristic curve and the insufficient torque is supplied by the motor, i.e. T e =T emax and T m =T r -T e .
Braking Mode Control Strategy
The braking mode of hybrid vehicle can be divided into regenerative braking, union braking and mechanical braking according to the different braking intensity. As it is knowledge in the references [11] and [12] , the braking is treated as emergency braking when the braking intensity satisfies z>0.7. When the braking is not emergency braking and the requested braking intensity satisfies z<z gen (z gen is the largest regenerative braking intensity that the motor can generate), the whole vehicle braking force can be supplied by the driving motor and ISG. As the braking intensity is increasing, the braking must enter union braking. In the union mode, the drive motor recycles the energy with the most braking power, and the insufficient braking force is supplied by the mechanical braking. In the case of the emergency braking, the mechanical braking should be chosen for the sake of braking security.
SIMULATION
Power Performance Simulation
The simulation results of the R-EEV on power performance are listed in Table 6 . The results show that the parameters determined by the R-EEV are reasonable, and the power performance of the R-EEV is better than the prototype vehicle.
Economy Simulation
The endurance mileage of R-EEV contains the endurance mileage of CD mode and CS mode. Simulation condition of CD mode: the initial SOC of the battery is set as 1; the vehicle travels at 40 km/h and 60 m/h respectively. If the SOC of battery is reduced to the set threshold value SOC min , the simulation ends. The corresponding endurance mileage are 96.43 km and 89 km respectively. In the engine extended-range mode, when the SOC of battery is reduced to 0.4, the engine starts. According to the requested power of vehicle and the formulated strategy, the engine drives ISG to generate electricity for driving motor and charging for battery, when the battery SOC is risen to 0.55, the engine is turned off and it is switched to the pure electric mode. In the series extended-range mode, this R-EEV is set to travel at 80 km/h, while the engine runs at or near its optimal operation point. The simulation results show that the total endurance mileage of the R-EEV is up to 373 km, exceeding the expected target.
In addition, the simulation of ECE cycle on endurance mileage of pure electric mode is carried out. The results are shown in Fig. (11) . After one cycle, the battery SOC is reduced from 100% to 99.27%. According to the equation (16), the endurance mileage of vehicle is calculated as 82.19 km. The result satisfies the performance requirement. of battery is higher than the set value 0.4, and the vehicle finishes the first acceleration process in the pure CD mode by the driving motor and ISG motor. When the battery SOC is decreased to 0.4, the vehicle switches to extended-range mode. In the second and third acceleration processes of this cycle, the vehicle needs larger drive torque, so the engine and driving motor are both involved in driving the vehicle. When the acceleration is finished, the vehicle operates at high velocity, while it works in engine drive mode. After it runs about 500 seconds, the velocity is basically at 50 km/h or less, for which the battery SOC is relatively low, so the vehicle switches to the series extended-range mode where the engine is operated in the optimize efficiency points, and the vehicle is driven by the rear axle. During the whole cycle the ISG and drive motor can recycle braking energy to improve the energy utilization ratio of vehicle at real time, while the vehicle can switch to the appropriate operating mode based on the strategy determined to meet the power requirement of vehicle, and the control strategy is reasonable. Fig. (13) shows the performance comparison of two wheel drive with four wheel drive on the low adhesion coefficient road. The adhesion coefficient of road is set to change from 0.8 to 0.5 in 1 second when vehicle travels at a constant velocity. As it is shown in Fig. (13) , the continuous line represents the curve of wheels slip ratio and vehicle velocity in two-wheel drive mode, and the imaginary line represents the curve of wheels slip ratio and the vehicle velocity in four-wheel drive mode. The vehicle travels onto the low adhesion coefficient road after 1 second, while the road adhesion force is declining, which leads to the slip of driving wheels.
In two-wheel drive mode, the slip ratio of driving wheels rises sharply and exceeds the range of the optimal slip ratio, so the vehicle velocity drops quickly. At 2 second, the driving motor starts to drive the vehicle together with the engine, and the vehicle switches to co-drive mode to make full use of the road adhesion force, which can reduce the slip rate of the front wheel. At the end of the simulation, the final velocity of two-wheel drive mode and four-wheel drive mode are decreased to 62 km/h and 68 km/h from 70 km/h respectively. The result indicates that the power performance is improved.
CONCLUSION
The operation mode of novel power transmission scheme for range-extended electric vehicle (R-EEV) was analyzed according to the different states of vehicle. Besides, the following control strategy of the engine optimization curve was proposed. Finally, the simulation of vehicle based on the Matlab/Simulink software platform was conducted on the vehicle dynamic performance and the endurance mileage, which verified the reasonable of the matched parameter. The control strategy was verified on the US06 driving cycle of vehicle, and the result indicates that the Vehicle in accordance with the vested control strategy can switch to codrive mode in the rapid acceleration condition, which can better meet the power demand; besides, it verifies that the power performance of four-wheel drive is better than twowheel drive, which is conducted on the transitioning coefficient road. 
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